A highly selective, colorimetric polynucleotide detection method based on mercaptoalkyloligonucleotide-modified gold nanoparticle probes is reported. Introduction of a single-stranded target oligonucleotide (30 bases) into a solution containing the appropriate probes resulted in the formation of a polymeric network of nanoparticles with a concomitant red-to-pinkish/purple color change. Hybridization was facilitated by freezing and thawing of the solutions, and the denaturation of these hybrid materials showed transition temperatures over a narrow range that allowed differentiation of a variety of imperfect targets. Transfer of the hybridization mixture to a reverse-phase silica plate resulted in a blue color upon drying that could be detected visually. The unoptimized system can detect about 10 femtomoles of an oligonucleotide.
Sequence-specific methods for detecting polynucleotides are critical to the diagnosis of genetic and pathogenic diseases (1) . Most detection systems make use of the hybridization of an immobilized target polynucleotide with oligo-or polynucleotide probes containing covalently linked reporter groups (2-5). Radioactive 32 P or 35 S labels in polynucleotide detection offer exquisite sensitivity and are commonly used to follow hybridization (3) . However, radioactive probes create disposal problems, require specially trained personnel, and have a short shelf life. Increasingly, radioactive atoms are being replaced by nonradioactive organic reporter groups, which are detected by their color, fluorescence, or luminescence (2, 3, 5) . The organic groups may either be covalently attached to the probes or may be generated in solution by enzymes that are bound to the probe. Each of these strategies has advantages and disadvantages, depending on the target DNA molecules and detection environments, and no single method has gained supremacy (2) .
Herein, we report a highly selective colorimetric detection technology for polynucleotides that differs fundamentally from previously described sensor systems in several respects. First, mercaptoalkyloligonucleotide-modified Au nanoparticles are used as reporter groups rather than radioactive atoms or organic substituents. Second, hybridization results not only in the binding of an oligonucleotide probe to the target sequence, but also in the formation of an extended polymeric network in which the reporter units are interlocked by multiple, short duplex segments (Fig. 1) . Third, the signal for hybridization is governed by the optical properties of the nanoparticles, which depend in part on their spacing within the polymeric aggregate. Nanoparticle aggregates with interparticle distances substantially greater than the average particle diameter appear red, but as the interparticle distances in these aggregates decrease to less than approximately the average particle diameter, the color becomes blue (6) . This shift, attributed to the surface plasmon resonance of the Au, has been observed in other non-oligonucleotide-based strategies for organizing nanoparticles into aggregate structures (7) and has been studied theoretically (8) . Gold particles ϳ13 nm in diameter (9) were chosen because they can be readily prepared with little deviation in size (Ϯ2 nm) and exhibit a sharp plasmon absorption band (maximum absorbance at wavelength 520 nm). Two additional factors proved helpful in developing this technology: (i) hybridization is greatly accelerated by heating or freezing the solutions and (ii) the color changes associated with hybridization are significantly enhanced and easily visualized if the hybridized sample is "developed" on a solid support. With these techniques, target polynucleotides can be identified rapidly without instrumentation.
The use of mercaptoalkyloligonucleotide-modified Au nanoparticles in any sensing scheme requires that they exhibit long-term stability in the presence of high molecular weight DNA and in solutions that span a wide range of electrolyte concentration (0.1 to 1 M NaCl). The nanoparticles previously used in our material syntheses strategies (10) do not exhibit this type of long-term environmental stability. However, with the current preparation procedure, one can synthesize Au nanoparticles modified with oligonucleotide of variable length and sequence that exhibit longterm stability in 1 M NaCl solutions and in solutions containing macromolecular salmon sperm DNA (up to 100 g of salmon sperm DNA can be added to a solution containing 50 l of each probe prepared without interfering with the sensor applications). In our protocol, nanoparticles are loaded with 5Ј-or 3Ј-mercaptoalkyloligonucleotides in solution without added salt, aged in 0.1 M NaCl for 40 hours in the presence of the mercaptoalkyloligonucleotides to increase the loading, collected by centrifugation, and resuspended. This procedure was used to prepare all of the nanoparticle probes described herein.
Initial studies were carried out with a three-component system, wherein two probes, 1 and 2, were used for one target sequence, 3 ( Fig. 2A) . Each nanoparticle has many molecules of a 28-base oligomer linked by a thiol tether at the 5Ј terminus to its surface (11) . The first 13 nucleotides (not shown) of the 28-base oligomers serve as a flexible spacer (12) , and the last 15 serve as a recognition element for the target. Sequences were selected such that on hybridization, the recognition segments of probes 1 and 2 could align contiguously on the target 3.
For this system, hybridization was slow when the components (probes and target) (13) stood in 0.1 M NaCl at room temperature, but after standing overnight, the solution changed from red to reddish purple. The slow rate of the reaction may be due to steric considerations and the high negative charge density created by the extensive oligonucleotide loading on the nanoparticle surfaces. A similar color change could be Fig. 1 . Schematic representation of the concept for generating aggregates signaling hybridization of nanoparticle-oligonucleotide conjugates with oligonucleotide target molecules. The nanoparticles and the oligonucleotide interconnects are not drawn to scale, and the number of oligomers per particle is believed to be much larger than depicted.
SCIENCE ⅐ VOL. 277 ⅐ 22 AUGUST 1997 ⅐ www.sciencemag.org effected rapidly, however, by warming the mixture at 50°C for 5 min or freezing it in a bath of dry ice and isopropyl alcohol and then thawing it at room temperature. The acceleration in rate caused by freezing likely reflects the development of high local concentrations of salt, the oligonucleotide target, and nanoparticles within pockets in the ice structure (14) . Control experiments showed that the transition requires the presence of all three components (both types of nanoparticle conjugates and the target oligonucleotide), and in absence of hybridization, the probes are not affected by the process, as evidenced by ultravioletvisible spectroscopy and transmission electron microscopy.
A "melting curve" obtained at a wavelength of 260 nm on a nanoparticle-DNA aggregate hybridized by the freeze-thaw cycle gave a "melting" temperature (T m ) of 57°C (Fig. 3A, black Corresponding sharp transitions at the same temperature but with a drop in absorbance rather than an increase were obtained when the dissociation of the nanoparticle aggregates was observed at 620 and 700 nm. All of the experiments with the nanoparticle conjugates measure changes in the optical properties of the nanoparticles (not the DNA). The oligonucleotides do not absorb at 620 and 700 nm, and the concentration of the target oligonucleotide in the colloid solution is too low to account for the absorbance change at 260 nm. We attribute the spectral changes in this nanoparticle system to the reversible formation and dissociation of aggregates formed by hybridization of the covalently attached probe segments with the target oligonucleotide. Hybridization results in decreased interparticle distances with a concomitant change in color and formation of extended polymeric nanoparticle aggregates (16) . On warming, some of the DNA cross-links can dissociate without dispersing the Au nanoparticles into solution. Because the signal depends on the nanoparticle spacing, our melting analysis is insensitive to these initial DNA dissociation events, and the observed temperature range for "melting" is unusually narrow. The size of the aggregates in these systems may also influence the colorimetric change, but this issue has not yet been addressed.
A simpler way to monitor hybridization is to spot 1 to 3 l of the solution containing the Au-nanoparticle/DNA aggregates on a C 18 thin-layer chromatography (TLC) plate (Fig. 3B) . Initially, the spot retains the color of the solution mixture, which ranges from red in the absence of hybridization through reddish-purple to purple on hybridization, depending on the system. On drying, a uniform blue spot develops if the Au-oligonucleotide conjugates have been linked by hybridization with the target oligonucleotide; in the absence of an appropriate target or with solutions spotted above thermal denaturation conditions, the spot remains pink. The color differentiation is enhanced by the C 18 -silica support, a phenomenon at- tributable to increased aggregation of the preorganized polynucleotide-linked nanoparticles upon drying the solution on the support. Moreover, the solid support prevents samples heated above the DNA dissociation temperature from rehybridizing; therefore, the colors are indefinitely stable, and the plates provide a permanent record of the test. A striking feature of this test is the sharpness and clarity of the transition (Fig. 3B) . The spot was blue for a hybridized sample containing 1, 2, and 3 heated in solution to 58°C before the test, indicating that the nanoparticles were still assembled at this temperature. However, the spot was pink when the sample was heated to 59°C, a temperature at which the assembly is unstable and the nanoparticles are dispersed in solution. At 58.5°C, the color was intermediate. We term this the colorimetric temperature T c , which is close to but slightly higher than T m (57°C) for the polymeric aggregate, as determined by the change in the ultraviolet spectrum for the solution (Fig. 3A) . Repetitions of the spot test with another set of probes prepared independently afforded the same narrow range for the color change with T c ϭ 58.0°C.
The small temperature range for the change in color enables one to discriminate between the perfect complement (3) and the mismatched targets (4 to 7) (Figs. 2 and  4) . In each test, the probe-target mixtures were frozen, thawed at room temperature, warmed in a water bath at the indicated temperature for 5 min, and then spotted on a C 18 -silica plate. At 53°C, the test was positive (blue) for the fully matched target ( Figs. 2A and 4A) This system of nanoparticles, aggregates, and oligonucleotides is complex. At this stage we treat these colorimetric transition temperatures as empirical values useful in detecting and differentiating oligonucleotides with specific sequences. To examine the dependence of the results on the hybridization procedure, we, rather than freezing the solutions, warmed individual samples of targets 3 through 7 with solutions containing 1 and 2 to 65°C (a temperature above the dissociation temperatures of the complex formed with the fully matched target) and allowed the solutions to cool slowly with intermittent pauses of 5 min at 62°, 53°, 42°, 38°, and 25°C. At the end of each pause, the samples were removed and spotted as before. The plate obtained by this procedure was identical to that in Fig. 4 , except that 7 gave a blue rather than pink spot at 38°C (when spotted at 39.5°C, however, the color was pink, indicative of dissociation). This experiment shows that there is considerable latitude in conditions for carrying out the assays, although the absolute T c values may vary slightly with changes in the method for hybridization.
The high degree of discrimination in these systems may be attributed to two features. (i) Alignment of two relatively short (15 nucleotide) probe oligonucleotides on the target is required for a positive signal (Figs. 2C and 4C) . A mismatch in either segment is more destabilizing than a mismatch for a single, longer probe (such as a 30-nucleotide segment) with the same target. (ii) As in the spectrophotometric analyses, the colorimetric signal depends on the formation or dissociation of a polymeric network of Au nanoparticles held together by multiple structurally similar tethers (that is, the oligonucleotide duplexes), which results in the narrowing of the temperature range observed for the transition. In principle, this three-component nanoparticlebased strategy should be more selective than any two-component detection system based on a single-strand probe hybridizing with the target. Strategies such as ours that exploit reversible assembly of particles by hybridization and use probes with signals sensitive to particle aggregation or distance should prove generally useful in designing highly discriminating nucleic acid detection systems. We do not yet know the ultimate sensitivity of the system, although with the unoptimized system, ϳ10 fmol of an oligonucleotide can be detected (17) . The method should be particularly useful in assays where expense and simplicity in instrumentation and operation are important. and (F) a 2-bp mismatch. Nanoparticle aggregates were prepared in a 600-l thin-walled Eppendorf tube by addition of 1 l of a 6.6 M oligonucleotide target to a mixture containing 50 l of each probe (0.06 M final target concentration). The mixture was frozen (5 min) in a bath of dry ice and isopropyl alcohol and allowed to warm to room temperature. Samples were then transferred to a temperaturecontrolled water bath, and 3-l aliquots were removed at the indicated temperatures and spotted on a C 18 reverse phase plate. 
